The mechanisms that maintain intracellular Mg concentration at physiologic levels are not fully understood. In this work, we described for the first time, a new method using 25 Mg stable isotopes, that allows simultaneous determination of Mg 2+ efflux and Mg 2+ influx in non-loaded cells at physiological levels of extracellular Mg. Erythrocytes from rats were suspended as a 10% suspension in NaCl medium or choline medium. The erythrocyte suspension was incubated at 37°C, and aliquots of the cell suspension were centrifuged at the beginning of the incubation and after 60 and 120 min. 
ABSTRACT
The mechanisms that maintain intracellular Mg concentration at physiologic levels are not fully understood. In this work, we described for the first time, a new method using 25 Mg stable isotopes, that allows simultaneous determination of Mg 2+ efflux and Mg 2+ influx in non-loaded cells at physiological levels of extracellular Mg. Erythrocytes from rats were suspended as a 10% suspension in NaCl medium or choline medium. The erythrocyte suspension was incubated at 37°C, and aliquots of the cell suspension were centrifuged at the beginning of the incubation and after 60 and 120 min. The quantification of 24 Mg, 25 Mg and 26 Mg in supernatants and in erythrocytes were determined by ICP/MS. Simultaneous Mg 2+ efflux and Mg 2+ influx were calculated from the intra-extracellular distribution of the three isotopes. By this new approach we characterized Mg 2+ influx and Mg 2+ efflux at 0.4 mM extracellular Mg in both NaCl and choline Cl medium. Mg 2+ efflux and Mg 2+ influx were largely inhibited by amiloride in NaCl medium and by cinchonine in choline Cl medium. Apparent velocity and LineWeaver-Burk kinetics showed that Mg 2+ influx is different from Mg 2+ efflux suggesting the involvement of two distinct transport mechanisms. Moreover, modifying extracellular Mg concentrations, to mimic hypo-or hypermagnesaemia, we showed that Mg 2+ efflux and Mg 2+ influx increased with extracellular Mg up to 0.8 mM, the physiologic concentration of total extracellular Mg. Our data demonstrate that Mg 2+ fluxes are directly related to the levels of extracellular Mg and that in physiological conditions, Nadependent and Na-independent Mg 2+ efflux counterbalance Mg influx to maintain constant intracellular Mg level. (15, 16) . Recently a candidate for the regulation of Mg 2+ influx has been described and characterized at a molecular and functional level (17) . TRPM7 channel is regulated by intracellular free Mg 2+ and Mg-ATP and regulates Mg 2+ influx into the cell (18). TRPM7 channel possess a PKA-dependent kinase domain at the cytoplasmic C-terminus that regulates channel opening and closing (19) . For several aspects therefore the regulation of TRPM7 greatly resembles that of putative Na
INTRODUCTION

Magnesium
In this work, we described a new method using a stable isotope of Mg, which allows for the first time, the simultaneous determination of Mg 2+ influx and efflux, avoiding Mg-loading of erythrocytes and in presence of physiological levels of extracellular Mg. This method is based on replacing extracellular 24 Mg with 25 Mg. This allows efflux to be determined as a function of 24 Mg appearance in the extracellular fluid and influx to be determined as a function of 25 Mg presence in the erythrocytes. We believe that this method will allow to better characterize Mg 2+ transport at the cellular level.
MATERIALS AND METHODS
Reagents and equipment
Enriched Mg) as oxide was obtained from Chemagas (Paris, France). Suprapure HNO 3 , suprapure H 2 O 2 , suprapure HCl, lanthanum oxide and standard solutions of Mg (1g/L) were obtained from Merck (Darmstadt, Germany). Standard solution of Be (1g/L) was purchased from Spex Certiprep Instruments SA (Longjumeau, France). All other chemicals were of the highest quality available, and demineralized water was used throughout. The Mg isotope ratio measurements were performed using an ICP/MS instrument (quadrupole Elan 6100 DRC system, PERKIN ELMER, Courtaboeuf, France), fitted with a Meinhard-type nebulizer and cyclonic spray chamber.
Preparation of stable isotope solution
200 mg of enriched Mg (or 328 mg of MgO)
were moistened with 2 mL of demineralized water, and then 2 mL of 12 moles/L HCl (suprapure) was added to transform the oxide into the soluble chloride of Mg. The solution was then neutralised with 2 ml of NaOH 1 mole/L and 25 ml of NaHCO 3 1.67 moles/L. The solution was then brought to 100 ml with physiological solution (NaCl 0.9%). The pH and the osmolarity of the obtained solution were respectively 7.0 and 320 mOs. The concentration of Mg in this solution was 2 mg/mL.
Preparation of the washing solution and incubation media
The washing solution and the incubation media (NaCl or choline Cl) were prepared as described by Ebel and Gunther (9) . Washing solution: KCL 140 mmol/l, Hepes 30 mmol/l pH 7.4, sucrose 50 mmol/l, glucose 5 mmol/l; NaCl medium: NaCl 150 mmol/l, Hepes 10 mmol/l pH 7.4, glucose 5 mmol/l; Choline Cl medium: choline Cl 150 mmol/l, Hepes 10 mmol/l pH 7.4, glucose 5 mmol/l. 25 Mg was add in the incubation medium to obtain a concentration of 0, 0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 mmol/L, according to the experiment.
Preparation of erythrocytes
Blood (8ml) was obtained from anaesthetised (40mg/kg pentobarbital-sodium i.p.) male Wistar rats, weighing 350-400 g (from the Experimental Compared Nutrition Unit of INRA de Theix), by punction in the abdominal artery with a heparinized syringe, and was centrifuged at 1000 g for 10 min at 20°C. The plasma and buffy coat were aspirated and discarded. The erythrocytes were washed twice at 20°C in 10 ml of the washing solution.
Mg efflux and Mg influx
The erythrocytes were suspended as a 10% suspension in one of the incubation media and were incubated at 37°C. 1.5-ml aliquots of the cell suspension were centrifuged (5000g, 5 min, 20°C) at the beginning of the incubation (0) and after 60 and 120 min. The supernatant was separated, and the erythrocytes were washed twice with the washing solution and hemolised (1/11). Given the calibration process, the ICP/MS machine gives the quantitative results of each measured isotope as if the natural abundance for each isotope was 100%. So, it was necessary to subtract 26 Mg amount from 25 Mg amount in the erythrocyte. Indeed, erythrocyte 26 Mg represents the natural erythrocyte Mg but erythrocyte 25 Mg represents both the natural erythrocyte Mg and 25 Mg coming from the incubation medium.
To exclude Mg
2+ efflux due to cell damage erythrocytes hemolysis was systematically measured by Hb determination in the supernatants (cyanmethemoglobin asssay, at 546 nm). An hemolysis in supernatants lower than 1.5% of total haemolysis, which did not increase significantly during the experiment, was considered in the range of normality and was therefore not taken into account.
Amiloride (1mM final concentration) in NaCl medium and cinchonine (2.4 mM final concentration) in choline medium were utilized as specific inhibitors of respectively, Na-dependent and choline-depedent Mg 2+ efflux. The concentration of amiloride and cinchonine were chosen on dose response curve and checking that it did not induce any haemolysis.
Statistical analysis
Results were expressed as means ± SD. The statistical significance of differences between means was assessed using Student's t-test. The limit of statistical significance was set at P<0.05. Statistical analyses were performed using the GraphPad program (V3.00, GraphPad Software, San Diego, CA).
RESULTS
Mg
2+ fluxes from erythrocytes incubated in NaCl medium and choline Cl medium with 0.4 mmol/L 25 Mg Mg 2+ influx and efflux was measured in isolated erythrocytes incubated in NaCl medium for 120 min at 37°C in the presence of 0.4 mmol/L 25 Mg. As can be seen in Figure 1 , the rate of Mg 2+ influx was about half the rate of Mg 2+ efflux (apparent velocity 1.5 and 3.2 µmol/L/min, respectively). Amiloride (1 mM), a specific inhibitor of Na + transport, inhibited 2/3 of Mg 2+ influx and ½ of Mg 2+ efflux. Figure 2 shows Mg 2+ efflux and influx from rat erythrocytes incubated in the same conditions but with Na replaced with choline Cl. Noteworthy, the rate of Mg 2+ influx was similar to the rate of Mg 2+ efflux (apparent velocity 2.8 and 3.0 µmol/L/min, respectively) which was quantitatively comparable to that observed in Nacontaining medium (see Figure 1) . Cinchonine (2.4 mM), a selective inhibitor of the choline transporter (11) was able to inhibit a large amount of both Mg 2+ efflux and influx. Table 1 . Concerning the kinetic of net Mg 2+ efflux, the curve also displayed LineWeaver-Burk kinetic (Figure 3 , lower panel and Table 1 ). Also in choline Cl media, (Figure 4 ) both net Mg 2+ efflux and influx increased when extracellular Mg level increased up to the concentration of 0.8 mM then reaching a plateau, but Mg efflux was lower than Mg influx. Figure 4 lower panels reports LineWeaver-Burk equation of Mg 2+ influx and efflux and Table 1 the corresponding values of Km and Vmax.
DISCUSSION
Mg
2+ transport within cells has been investigated over the last 20 years, the elective cells being erythrocytes. Data showed that Mg 2+ efflux occurred mainly by a Na + /Mg 2+ antiport that was inhibited by amiloride and quinidine (21) (22) (23) (24) , a small portion of Mg 2+ efflux was Naindependent, several other ions being proposed to be exchanged with Mg. Since these studies were conducted in Mg-loaded erythrocytes or in cells incubated in a Mg-free medium, they were limited in the way that they do not permit to evaluate Mg 2+ efflux in the presence of physiological extracellular Mg levels nor to investigate the influence of modifications of extracellular Mg levels on Mg 2+ fluxes. Moreover, they do not allow the study of Mg 2+ influx which was studied, up to the '80 utilizing the radioactive isotope 28 Mg, with serious limitations due to the very short half life (21.3h), its scarce availability and high cost (25) . The recent important improvements in analytical techniques of stable isotopes rendered possible the use of 25 We showed that, in the presence of physiologic extracellular Mg, it is possible to detect a Na-dependent Mg 2+ efflux which was amiloride sensitive and a Naindependent Mg 2+ efflux, confirming previous observations (9) . Our data, allowing the contemporaneous measurement of Mg 2+ influx and efflux in physiologic conditions, show that in Na medium net Mg 2+ efflux is similar to Mg 2+ influx. In contrast, the rate of net Mg 2+ efflux was lower to Mg 2+ influx when NaCl medium was substituted with choline Cl. Our results confirm the existence of a Nadependent and a Na-independent Mg 2+ efflux, and show that in physiological conditions, Na-dependent and Naindependent Mg 2+ efflux counterbalance Mg influx to maintain intracellular Mg level constant.
The most interesting data of our work concerns Mg 2+ influx. We demonstrated a significant time dependent Mg 2+ influx in NaCl medium in the presence of physiologic concentration of extracellular Mg. Like efflux, also this influx was sensitive to amiloride. Since amiloride and derivatives operate primarily on Na + channels, it is possible that the inhibition occurs on both side of the transporter. Alternatively, it is conceivable that an increase of intracellular Mg due to inhibition of Mg 2+ efflux by amiloride, determines an indirect inhibition of Mg 2+ influx. The amiloride insensitive fluxes measured in Na medium also suggest the presence of a Na-independent Mg 2+ fluxes which could be explained by a Mg 2+ /Mg 2+ exchange (15 ). Alternatively, Mg transport inside or outside the cell is driven by two different mechanisms. Based on the recent data on the role of TRPM7 channels in the regulation of Mg homeostasis (7, 10), our observations are compatible with 
